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Glutamate receptors in the nucleus tractus solitarius
contribute to ventilatory acclimatization to hypoxia in rat
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Key points

e Ventilation increases more with chronic than acute hypoxia and does not return to control
levels when normoxia is restored, indicating plasticity in the reflexes that control breathing.

e Glutamate is the primary excitatory neurotransmitter between arterial chemoreceptors that
sense hypoxia and neural circuits that control breathing in the brainstem.

e We microinjected specific glutamate receptor antagonists into the brainstem of awake
unrestrained rats and found NMDA-type glutamate receptors explain increased ventilatory
sensitivity to hypoxia after chronic hypoxia. AMPA-type glutamate receptors mediate increased
ventilatory drive in normoxia after chronic hypoxia, as well as increased ventilation in acute
hypoxia after chronic hypoxia and in control conditions.

e Phosphorylation of AMPA and NMDA receptors is increased by chronic hypoxia.

e The results indicate that plasticity in different glutamate receptors have unique effects on the
reflexes that control breathing in chronic hypoxia and may share cellular mechanisms with
other models of neural plasticity.

Abstract When exposed to a hypoxic environment the body’s first response is a reflex increase
in ventilation, termed the hypoxic ventilatory response (HVR). With chronic sustained hypoxia
(CSH), such as during acclimatization to high altitude, an additional time-dependent increase
in ventilation occurs, which increases the HVR. This secondary increase persists after exposure
to CSH and involves plasticity within the circuits in the central nervous system that control
breathing. Currently these mechanisms of HVR plasticity are unknown and we hypothesized that
they involve glutamatergic synapses in the nucleus tractus solitarius (NTS), where afferent endings
from arterial chemoreceptors terminate. To test this, we treated rats held in normoxia (CON) or
10% O, (CSH) for 7 days and measured ventilation in conscious, unrestrained animals before
and after microinjecting glutamate receptor agonists and antagonists into the NTS. In normoxia,
AMPA increased ventilation 25% and 50% in CON and CSH, respectively, while NMDA doubled
ventilation in both groups (P < 0.05). Specific AMPA and NMDA receptor antagonists (NBQX
and MKB801, respectively) abolished these effects. MK801 significantly decreased the HVR in
CON rats, and completely blocked the acute HVR in CSH rats but had no effect on ventilation in
normoxia. NBQX decreased ventilation whenever it was increased relative to normoxic controls;
i.e. acute hypoxia in CON and CSH, and normoxia in CSH. These results support our hypothesis
that glutamate receptors in the NTS contribute to plasticity in the HVR with CSH. The mechanism
underlying this synaptic plasticity is probably glutamate receptor modification, as in CSH rats
the expression of phosphorylated NR1 and GluR1 proteins in the NTS increased 35% and 70%,
respectively, relative to that in CON rats.
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Introduction

The hypoxicventilatory response (HVR) isa reflex increase
in ventilation that occurs in response to decreased arterial
oxygen tension (P,o,). With chronic sustained hypoxia
(CSH) of days to months (e.g. during acclimatization
to altitude), additional time-dependent increases in
ventilation occur that further improve P,o, (Powell et al.
1998). This secondary increase is termed ventilatory
acclimatization to hypoxia (VAH) and persists after
the removal of hypoxic stimulation, indicating plasticity
within the ventilatory control circuits (Aaron & Powell,
1993; Hupperets et al. 2004). Two mechanisms have been
identified that contribute to VAH: (1) sensitivity of carotid
body arterial chemoreceptors to O, increases, and (2)
CNS responsiveness to afferent inputs from carotid bodies
increases (Bisgard & Neubauer, 1995; Dwinell & Powell,
1999; Wilkinson et al. 2010a; Kumar & Prabhakar, 2012).
Considerable progress has been made towards elucidating
mechanisms of enhanced carotid body sensitivity to O,
during CSH but mechanisms that mediate increased CNS
gain of the HVR are not well understood.

In the CNS, carotid body afferent neurons project to
the nucleus tractus solitarius (NTS) (Lipski et al. 1977;
Housley & Sinclair, 1988), and there is considerable
evidence implicating glutamate as the main excitatory
neurotransmitter at this synapse. For example, during
hypoxia, glutamate is released into the NTS coincident
with the HVR, glutamate injection into the NTS mimics
the HVR and both the HVR and glutamate release
are abrogated by carotid body denervation (Mizusawa
et al. 1994; Richter et al. 1999). Furthermore, NTS
microinjection or systemic injection of NMDA receptor
(NMDAR) antagonists attenuate the HVR in a variety
of species (Connelly et al. 1992; Mizusawa et al. 1994;
Soto-Arape et al. 1995; Ohtake ef al. 1998), and specifically
attenuate VAH in mice and rats (Reid & Powell, 2005;
El Hasnaoui-Saadani et al. 2007). In addition, there is
evidence that glutamatergic AMPA receptors (AMPARs)
play a role in short-term responses to hypoxia. For
example, >85% of the neurons expressing cFOS (an
indicator of neuronal firing) in the NTS during carotid
body chemoreceptor stimulation also express AMPARs
(GlurR2/3; Whitney et al. 2000), NTS microinjection
of a broad-spectrum excitatory amino acid antagonist
further attenuates responses to short-term hypoxia beyond

the effect of NMDAR blockade alone (Mizusawa et al.
1994), while simultaneous antagonism of NMDARs and
AMPARs within the NTS reduces ventilatory and cardiac
responses to chemical or CO,-mediated carotid body
stimulation in anaesthetized and awake rats (Vardhan et al.
1993; Zhang & Mifflin, 1993; Haibara et al. 1999; Braga
et al. 2007). Together, these results show that during hypo-
xia, glutamate released from carotid sinus nerve afferents
at the NTS acts on both AMPARs and NMDARs to cause
the HVR.

Considering the role of glutamate neurotransmission
in other models of neural plasticity (e.g. long-term
potentiation, see Discussion), we hypothesized that
plasticity in glutamatergic synaptic transmission in the
NTS during CSH contributes to VAH. However, pre-
vious studies of the role of glutamate in the HVR
have not investigated chronic hypoxia. In addition,
most researchers have employed systemic approaches to
manipulate NMDARs and AMPARs, which makes the
results difficult to interpret. For example, within the pons
and medulla, MK801 has been shown to bind to the ventro-
lateral and dorsolateral pons, parapyramidal nucleus, NTS
and reticular formation, all of which also affect breathing
(Coles et al. 1998). The goal of the present paper was
to determine if synaptic plasticity mediated by glutamate
receptors in the NTS contribute to the CNS component of
VAH in awake rats.

Methods
Experimental animals and surgery

All surgical procedures and protocols were performed in
accordance with the relevant guidelines of The University
of California San Diego Institutional Animal Care and
Use Committee. Male Sprague—Dawley Rats (Charles
River) weighing 250-300 g were housed under a 12:12 h
light—dark cycle and fed a standard diet ad libitum.
Animals were divided into two groups treated with
either (1) the NMDAR antagonist dizocilpine (MK801;
n = 31), or (2) the AMPAR antagonist 2,3-dihydroxy-6-
nitro-7-sulphamoyl-benzo|f]quinoaxaline-2,3-dione (N-
BQX; n = 26). Within these two groups, animals
were further divided into two experimental groups: (1)
normoxic sea level controls (CON; n = 13 for each),
and (2) chronically hypoxic rats (CSH; n = 8 and

© 2014 The Authors. The Journal of Physiology © 2014 The Physiological Society



J Physiol 592.8

11, respectively). Additional groups of animals in each
category were utilized for acute AMPA and NMDA
injection experiments and sham artificial cerebral spinal
fluid (ACSF) experiments. The CSH rats were acclimatized
to a simulated altitude of 5500 m in a hypobaric chamber
at 380 Torr (Pjp, = 70 Torr, equivalent to =10% O, at
sea-level barometric pressure) for 7 days. The chamber
was returned to sea level for 15 min every 3—4 days
for general cage maintenance or when it was necessary
to remove animals for experimentation. This level of
hypoxia was chosen for the present study because it
is the most severe level of sustained hypoxia tolerated
by rats that does not induce a stress response (Powell,
unpublished observation). Furthermore, 10% O, is a
commonly utilized level of experimental hypoxia in the
literature studying the effects of chronic hypoxia in lab
rodents and other models (e.g. Fidone ef al. 1982; Bee &
Pallot, 1995; Gozal et al. 1996). Finally, this level of hypoxia
is consistent with previous experiments in our laboratory
in both rats and mice (Aaron & Powell, 1993; Huey
et al. 2000; Reid et al. 2002; Wilkinson et al. 2010b), and
therefore simplifies comparison between the literature and
our present findings. Some studies have shown that VAH
is manifest in some species within a few days of exposure
to CSH (Forster et al. 1976); however, we have chosen a
7-day exposure to ensure that VAH is fully manifest in
these animals and because a 7-day exposure (or longer) is
a common experimental set-up in studies of lab rodents
(e.g. Aaron & Powell, 1993; El Hasnaoui-Saadani et al.
2007; Pichon et al. 2009). Furthermore, it is likely that
different mechanisms underlie VAH during short-term
(24-48 h) or long-term (days—months) CSH, and we are
interested particularly in the long-term mechanisms that
appear to be more dependent on increased CNS gain of
the respiratory control circuits (see Discussion).

At least 2 days before acclimatization in chronic
sustained normoxia or hypoxia all animals underwent
surgery for implantation of guide cannulae, arterial
catheters and body temperature telemetry probes. All
surgeries were performed under isoflurane anaesthesia
(initially 5% isoflurane in 100% O, and maintained at
2-3% isoflurane). Stereotaxic surgery (Kopf Instruments,
Tujunga, CA, USA) was used to implant a stainless
steel guide cannula (Plastics One, Roanoke, VA, USA)
bilaterally into the NTS (co-ordinates: anteroposterior
—0.3 mm (calamus scriptorius), mediolateral —0.7 mm,
dorsoventral —0.5 mm) to deliver pharmacological agents.
Two holes were drilled into the cranium into which screws
would fit firmly and the guide cannula was secured to
the skull using acrylic resin that fixed the guide cannula
to these screws. The microinjection needle was 1 mm
longer than the guide cannula and projected into the
NTS.

Arterial catheters were inserted through the femoral
artery and reached the abdominal aorta of the rat. Poly-
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ethylene tubing (PE-50) was heated and stretched to fit the
diameter of the artery, and sutured in place. The stretch
allowed for a single tube with no joints that was more
resistant to the formation of blood clots. The catheter was
tunnelled beneath the dorsal skin and exited at the back
of the neck through a stainless steel headbutton that was
sutured in place for easy access. A stainless steel ring was
screwed to the headbutton to protect the catheter.

A telemetry thermometer probe (Emitter, Respironics,
Bend, OR, USA) was implanted to monitor body
temperature. The body temperature is required for an
accurate calculation of the tidal volume (Vr, see below).
The emitter was implanted into the abdominal cavity and
sutured in place to the interior wall of the abdomen.

Plethysmography

Ventilation (V;) was measured using the barometric
pressure method of plethysmography modified for
continuous flow (Jacky, 1978). On the day of
experimentation, individual animals were sealed into a
7 litre Plexiglas chamber. An electronic gas mixer (MFC-4;
Sable Systems, Las Vegas, NV, USA) was used to supply
the animal with an inflowing gas mixture (3 1 min~')
of controlled O, and CO, (balance N,). Inflowing gas
entered the chamber through a tube (7 cm long and 1 cm
in diameter) that was filled with smaller PE-50 tubing
of similar length. This double-jacketed design created
a high impedance input to reduce the loss of pressure
signals. Continuous flow and proper chamber pressure
were achieved by a vacuum pump (Dayton Electric,
Chicago, IL, USA) that sucked gas from the chamber
through a valve. Pressure inside the box was referenced
to atmospheric pressure using a water manometer.
Atmospheric pressure corrected for standard gravity,
room temperature and elevation was recorded on each
experimental day as a reference. To ensure a controlled gas
mixture in the chamber, the pressure inside the chamber
was positive (<0.5 cmH,0). Chamber gas concentrations
were measured using a mass spectrometer (Perkin-Elmer
1100 Medical Gas Analyser, Pomona, CA, USA) that
was calibrated for O, and CO, on each experimental
day. A chamber temperature probe (Thermalert TH-5;
Physitemp, Clifton, NJ, USA) was sealed inside the box,
and a humidity probe was placed into the box through a
hole that was cut and sealed for this purpose. Inspiration
produces humidity related changes in pressure that can
be monitored with a differential pressure transducer
(DP45; Validyne, Northridge, CA, USA) referenced to
atmosphere. Output from the transducer was recorded
on a digital data acquisition system (Labdat, see below).
Respiratory frequency (fz) was calculated directly from
the ventilation-induced pressure swings. Tidal volume
(V1) was calculated from the ventilation-induced pressure
changes using an equation from Drorbaugh and Fenn
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(1955) and modified for flow-through plethysmography
by Jacky (Drorbaugh & Fenn, 1955; Jacky, 1978):

P Ta(Pg — Pch,0)
Vr=Va X — X
Pa [Ta(Pg — Pch,0) — Te(Pg — Pam,o)]

where V., = volume of the calibration pulse (ml);
P, = peak height (A-D units); P, = peak height of
calibration pulse (A-D units); Ps = barometric pressure
(mmHg); Pcn,0 = chamber vapour pressure (mmHg);
Pan,0 = animal vapour pressure (mmHg); Ty, = body
temperature of the animal (K); T¢c = chamber temperature
(K).

Before each experiment, calibration pulses (0.2, 0.5 and
1.0 ml) were injected into the chamber at a rate similar
to the rats’ inspiratory time. Ventilation was determined
under poikilocapnic conditions. The animals were given
at least 40 min to habituate to the plethysmograph at their
chronic inspired O, levels before study. Two inspired O,
levels (Fio, = 10% and 21%) were used in the study. V;
was measured 10—15 min after the rats were exposed to an
acute inspired gas concentration unless otherwise noted

(Fig. 1).

Arterial blood gas measurements

Single arterial batch samples (0.2 ml) were taken while
the rats were breathing 10% or 21% O, (n = 3-5 for
each CON and CSH group), as well as 7% CO, in 21%
0, (n = 3-5 for each CON group and CSH group).
Samples were obtained after control and drug micro-
injections (Fig. 1). These samples were corrected for body
temperature and analysed (Instrumentation Laboratory
Gem Premier 5000, Lexington, MA, USA) for P,0,, arterial
CO, pressure (P,co,) and arterial pH.

Microinjections

All of the drugs that were used were prepared in ACSF
(in mM: 115 NaCl, 2.0 KCl, 2.2 KH,POy,, 25 NaHCOs,
10 p-glucose, 1.2 MgSOy4 and 2.5 CaCl,, adjusted to pH
7.4 with HCI) (Youssef et al. 2001). The ACSF was micro-
injected as a sham in a subset of all experimental groups
studied. All drugs were purchased from Sigma-Aldrich
(St Louis, MO, USA) unless otherwise indicated.

A microinjection needle made to fit the guide cannula
was connected to a 500 nl Hamilton microsyringe through
apolyethylene tube. The polyethylene tube ran through the
lid of the plethysmograph and was sealed. After control
ventilatory measurements were made at 10% and 21%
05, 50 nl of NBQX (0.2 nmol) or MK801 (0.2 nmol) was
injected into the NTS. The pharmacological doses used
in the present study are sufficient to inhibit physiological
responses to NTS-mediated stimulation throughout the
time frame of our experiments in awake or anaesthetized
rats, in accordance with studies conducted in similar
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preparations from other laboratories (Ohta et al. 1993;
Mizusawa et al. 1994; Machado et al. 2000). Following
drug microinjection, ventilatory measurements were again
collected in each gas mixture. Ventilatory effects of
the drugs were determined by comparing the data
obtained following the control measurements with those
collected following the drug microinjection. Animals
were permitted at least 1 h to rest in their home cages
between the completion of sampling following the first
injection and beginning the second experimental trial.
Animals received ACSF injections before drug injections
and experimental protocols were not randomized because
the effects of these drugs take hours to days to wash off.
In some experiments, animals received a second injection
of ACSF in place of cocktail microinjection to assess the
impact of the experimental time course. No differences
were observed between the effects of ACSF in multiple
trials in the same animal (data not shown).

To confirm that glutamatergic AMPAR and NMDAR
activity was blocked by NBQX or MK801, respectively,
AMPA or NMDA were microinjected into the NTS in
the presence and absence of NBQX or MK801. For these
experiments, the rat was placed in the plethysmograph and
allowed to stabilize for 40 min. After baseline ventilatory
measurements were made, 50 nl of AMPA or NMDA
(12.5 pmol) were injected bilaterally into the NTS and
ventilatory data were collected by analysing 1 min intervals
at 0-1, 1-2, 34, 4-5, 5-6, 10-11, 15-16 and 30-31 min
postinjection. For ventilatory measurements in the pre-
sence of the blocker, the rat was microinjected with 50 nl
of NBQX (0.2 nmol) or MK801 (0.2 nmol) before being
placed in the plethysmograph. At least 10 consecutive
representative breaths were selected for analysis from the
final 5 min of each experimental treatment epoch and
at least 10 sets of breaths were analysed for each period.
Breaths were chosen from periods where the animal was
not physically active and clear peaks could be determined
relative to a flat baseline.

Localization of microinjections

Colloidal gold or Evan’s blue microinjections were used
to localize the microinjection sites (Fig. 2). At the end
of the experiment, colloidal gold (50 nl) or Evan’s blue
(50 nl) was microinjected through the guide cannulae
into the NTS at the same site as the drug delivery. The
animals were anaesthetized with an overdose of sodium
pentobarbital and transcardially perfused with ice-cold
ACSF followed by 4% paraformaldehyde. The brainstem
was removed and postfixed in 2% paraformaldehyde for
1 day, and then stored in sucrose (30%). The brainstems
were frozen in isopentane (—140°C) and sectioned (slice
thickness = 30-50 pum) on a cryostat (Cryocut 1800;
Leica Biosystems, Wetzlar, Germany). For animals micro-
injected with the colloidal gold, stains were enhanced using

© 2014 The Authors. The Journal of Physiology © 2014 The Physiological Society
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silver intensification solution (Ted Pella Inc., Redding,
CA, USA), which marked the microinjection sites with
black staining. Aqueous Eosin Y was used as a cytoplasmic
counter-stain. Glutamate, AMPA or NMDA were micro-
injected in rats on a day before they were studied with the
full protocol. No ventilatory responses were observed if the
histological data showed a microinjection that was more
than 500 um away from the commissural caudal NTS
target site, but similar responses were obtained if micro-
injections were localized within 500 um of the target.
Figure 2A shows the spread of our 50 nl microinjections
is about 250 pm, although it is not known exactly how
the pharmacological effects of glutamate receptor agonists
and antagonists spread compared to a histological marker.
For data analysis, we only used animals that had a positive
response to glutamate, NMDA or AMPA microinjection
or in which the microinjection site was located within
500 pm of the NTS target.

Protein extraction and Western blots

Rats exposed to 7 days of room air or CSH (n = 6 each)
were killed with a pentobarbital overdose. The skull was
rapidly opened, the brainstem extracted and immediately
placed in liquid nitrogen. The NTS was extracted under
liquid nitrogen to prevent protein denaturation. Briefly,
the obex was visually identified and a 1 mm thick coronal
section was obtained 1.5 mm caudal to 1.5 mm rostral
to the obex. The dorsal half of this brainstem section
was carefully removed under liquid nitrogen, weighed and
stored at —80°C until analysis. To extract proteins, tissues
were homogenized on ice with a tissue blender in RIPA
buffer (Cell Signaling, Boston, MA, USA) supplemented
with complete protease inhibitor cocktail (Roche Applied
Sciences, Indianapolis, IN, USA) and Halt phosphatases
inhibitor cocktail (Thermo Scientific, Rockford, IL, USA).
The resulting homogenate was centrifuged for 10 min at
10,000 g at 4°C to remove cell debris. Supernatants were
taken as whole cell lysates and protein concentration was
measured using a bicinchoninic acid kit, according to the
manufacturer’s instructions (Sigma-Aldrich).

For Western blot analysis, equal amounts of protein
(75 ng well™!) were separated at 80 V for 3 h on
4-12% Bolt Mini Bis-Tris Plus gels (Life Technologies,
Carlsbad, CA, USA) and transferred on to a PVDF
membrane (Millipore, Billerica, MD, USA). Western blots
were performed with antibodies against AMPA receptor
GluR 1 (1:1000; Millipore), GluR 2 (1:500; Neuromab,
Davis, CA, USA), and phopho-GluR 1 (1:1000; Milli-
pore) subunits; NMDA receptor NR1 (1:250; Santa Cruz,
Dallas, TX, USA) and phospho-NR1 (1:250; Millipore)
subunits; and GAPDH (1:1000; Millipore). Membranes
were incubated in primary antibodies overnight at 4°C,
rinsed 3x 15 min in TBS + 0.1% Tween20 and then
blocked in odyssey blocking buffer (LI-COR, Lincoln,
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NE, USA). Specific bands were visualized after 2 h
incubation with the respective fluorescent secondary
antibodies (1:15,000) using an Odyssey fluorescent
scanner (LI-COR). Densitometry of Western blots from
each experimental group were obtained using Image]
(NIH), and absolute values were normalized to GAPDH
expression on the same blot. Following analysis, blots were
stripped with stripping buffer (LI-COR) and re-probed
with antibodies such that all antibodies were probed on
each gel to facilitate accurate comparison of the expression
of related protein within the same sample. Results were
analysed in arbitrary units, comparing each value with
that obtained from each respective GAPDH measurement
on each blot, and results are expressed as fold-change
relative to normoxic controls run simultaneously. Gels
were repeated three times.

Data collection and analysis

Ventilatory measurements were recorded on a PC using
an analog-to-digital data acquisition system (DT-2801-A;
National Instruments, Richmond, BC, USA) sampling at
200 Hz. Representative periods of 30 s were selected for
analysis using a custom peak detection program developed
in-house.

Statistical analysis was performed using commercial
software (SPSS 15.0; SPSS Inc., Chicago, IL, USA). The
null hypothesis in our model is that ventilation increases
in animals breathing acute hypoxic or hypercapnic gas
mixtures. Our study was designed to test for effects of
drugor acclimatization to hypoxia that prevent or enhance
these expected changes. For all experiments, individual n
values correspond to a single animal treated with CON or
CSH acclimatization protocols and then treated with ACSF
alone or AMPAR, or NMDAR agonists or antagonists
dissolved in ACSF as described above, before and after
exposure to 21% O, and then either acute hypoxia (10%
O,) or acute hypercapnia (7% CO,). Values are presented
as means £ S.E.M. P < 0.05 was considered to achieve
statistical significance. All data were normally distributed
(Shapiro—Wilk: P > 0.05) with equal variance (P > 0.05).

For acute AMPA and NMDA responses, a repeated
measures ANOVA was used to determine whether
there was a statistically significant difference in the
time-dependent response to AMPA or NMDA in the pre-
sence and absence of NBQX or MK801, respectively. The
between-subject factors (CON vs. CSH, and AMPA or
NMDA in the presence vs. absence of NBQX or MK801,
respectively) were considered against time. A Dunnett’s
multiple comparisons test was used to determine whether
there was a statistically significant difference at each time
point to the pre-AMPA or pre-NMDA control (‘Con’;
t=0) value.

For drug microinjection data, a three-way repeated
measures ANOVA was used to determine if there was
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a statistically significant difference between the three
independent factors considered: (1) acute ventilatory
response (Fio, of 0.10 vs. 0.21); (2) chronic oxygen
condition (CON wvs. CSH); and (3) treatment [control
(ACSF) vs. drug microinjection]. Sphericity could not
be assumed, so the Greenhouse—Geisser test was used
because it is the most conservative. Two-way comparisons
between the independent variables or their changes with
acute hypoxia or hypercapnia (e.g. the HVR or AV;
between 10% and 21% O, ) were performed using two-way
ANOVA. Bonferonni post hoc multiple comparisons tests
were run on each of the dependent variables to compare
the single point means of interest. The dependent variables
analysed were: total minute ventilation (V}), respiratory
frequency (fi), tidal volume (Vr), hypoxic and hyper-
capnic As for Vj, fg and Vr, inspiratory time (Ty),
expiratory time (Tg), the inspiratory slope (Vr/T7) as an
index of the ventilatory drive to breathe, and arterial Po,,
Pco, and pH.

Unpaired two-tailed t tests were used to compare
changes in the expression of AMPAR and NMDAR
proteins between CON and CSH groups. These data were
normalized to the expression of the housekeeping protein
GAPDH to account for loading differences between
samples. For ease of comparison, normalized data are the
percentage of the expression of the protein in question in
matching samples from CON animals (CON = 100%).

Results

Acute and chronic hypoxia, but not artificial cerebral
spinal fluid microinjections increase ventilation

Ventilation increased in response acute hypoxia or hyper-
capnia as expected (Fig. 3, and see below). The aim
of the present study was to test hypotheses related to

ACSF

o |
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plasticity of changes in the acute HVR (i.e. effects of drugs
or CSH on the established effects of acute hypoxia on
ventilation. Therefore, as the null hypothesis is an increase
in ventilation with acute hypoxia (or hypercapnia), for
simplicity, we assume significant effects of acute alterations
in O, or CO, on ventilation. We emphasize results wherein
changes do not occur in response to acute hypoxia or
hypercapnia with double daggers (1) in all figures.

Acute and chronic exposure to hypoxia had the same
effects on ventilation in all treatment groups before drug
microinjections (Fig. 3), and were similar to those reported
previously (Aaron & Powell, 1993; Reid & Powell, 2005).
Acute hypoxia (10% O,) increased Vi 80% in CON rats
and 55% in CSH rats (Fig. 3A-C; P = 0.0001 for CON,
0.026 for CSH). These increases were predominately due
to increased fr (Fig. 3B; P = 0.0001 for CON, 0.007
for CSH) and Vr was not significantly altered in either
group (Fig. 3C). Comparing baseline ventilation, relative
to CON animals V; was elevated by 80% in CSH animals
breathing 21% O, and by 30% in CSH rats breathing 10%
O, (Fig. 3A-C; P = 0.049 and 0.0001 for 10 and 21% O,,
respectively). A plot of V; versus Fio, shifted upwards with
CSH and was roughly parallel to CON data, as previously
reported for the poikilocapnic HVR in CSH rats (Aaron
& Powell, 1993). The increase in ventilation was due to
increases in fy compared to the controls (P = 0.156 and
0.0058 for 10 and 21% O, respectively), and Vr was not
significantly altered by hypoxia (Fig. 3A-C).

Animals were also exposed to hypercapnia (7% CO;)
as a control experiment to determine whether glutamate
receptor antagonism impinged upon the response to
all ventilatory chemostimuli, or if the role for these
receptors is specific to the hypoxic chemoreflex pathway.
In ACSF-treated animals breathing 7% CO, V; increased
~3-fold in all groups and this increase was markedly
greater than that induced by hypoxia (Fig. 3D-F

NBQX or MK801

| 7

20+
Fio, 157

0+ - - - - - - +

Fico, 51

Time (15 min intervals)

Figure 1. Experimental protocol

Schematic indicates changes in inspired gas concentrations during experiments. Animals were placed in the
plethysmograph for 25-45 min at their chronic inspired O, level before the start of an experiment to allow them
time to acclimate to the environment. Continuous line indicates normoxia (21% O;); dashed line indicates chronic
sustained hypoxia (10% O3). ABG samples were collected at the indicated time points. Animals received injections
of ACSF (sham), NBQX, or MK801 at the times indicated. ABG, arterial blood gas; ACSF, artificial cerebral spinal

fluid.
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P =0.0001 and 0.0007 for CON and CSH, respectively).
Elevated Vi during hypercapnia was the product of
significant increases in both fz and Vi (Fig. 3E and
F, P = 0.0027 and 0.0123 for fz in CON and CSH,
respectively, and 0.0008 and 0.0049 for Vi in CON
and CSH, respectively). Bilateral microinjections of ACSF
(50 nl side™!) into the NTS had no effect on ventilation in
0% CO; or 7% CO; in either group relative to control
measurements made before microinjection treatment

(Fig. 3).

Acute NMDA or AMPA injections increased ventilation
in control and chronic sustained hypoxia rats

Before examining the effect of glutamate receptor
antagonists on the HVR and VAH we first tested
the efficacy of specific NMDAR and AMPAR
antagonists (MK801 and NBQX, respectively) at blocking
agonist-induced channel activation. Bilateral micro-
injection of NMDA increased V| ~2-fold within seconds
of drug application in both CON and CSH rats (Fig. 4A;
P = 0.025 for CON, 0.001 for CSH). This increase

oy Sl
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was due to a combination of 50% increases of both fi
and Vr (Fig. 4B and C; P = 0.025 and 0.017 for fx
in CON and CSH, respectively, 0.0022 and 0.001 for
Vr in CON and CSH, respectively). Breathing activity
remained significantly elevated for 10-15 min following
microinjections before returning to baseline levels. Micro-
injecting MK801 into the NTS before treatment with
NMDA abolished responses to NMDA in both CON and
CSH groups (Fig. 4, continuous lines).

Bilateral microinjection of AMPA had smaller but
similar effects on ventilation. AMPA increased V; at the
first minute of microinjection in both the CON and CSH
groups (Fig. 4D; P = 0.0003 for CON, 0.0001 for CSH).
In normoxic rats, Vi was increased 50%, and in CSH
rats V1 was increased 20% by AMPA microinjections. The
response to AMPA in the normoxic rats was mainly the
result of a 35% increase in fr at 1 min following micro-
injection (Fig. 4E; P = 0.0011). Tidal volume was not
significantly changed in either group in all time peri-
ods (Fig. 4F), although non-significant increases in Vr
and fr at 1 min following AMPA injections in CSH
rats combined to underlie the significant increase in V;.
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Figure 2. Location of NTS microinjection site

A, representative images show coronal sections of the brainstem of a rat showing the sites of successful micro-
injection with colloidal gold in the caudal region of the NTS. Aqueous Eosin Y is used as a cytoplasmic counter-
stain. Magnification to 6.3x. B, sample time course of ventilatory responses to 50 x|l NMDA microinjections in
two different rats. Animals were not used for further measurements or analysis if they showed no response to
AMPA, NMDA or glutamate microinjection (negative localization). AP, area postrema; CC, central canal; GR, gracile

nucleus; NTS, nucleus tractus solitarius.
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Microinjecting NBQX into the NTS before treatment with
AMPA abolished responses to AMPA in both CON and
CSH groups (Fig. 4, continuous lines).

NMDA receptor antagonism depressed the hypoxic
ventilatory response in chronic sustained hypoxia but
not control animals

In CON rats, MK801 microinjections in the NTS had no
significant effect on V| during normoxia or acute hypoxia
but MK801 did decrease the slope of the HVR in CON
rats (Fig. 5A and B; P = 0.001), mediated by decreases
in the HVR of both the fz and Vi components (Fig. 5D
and F; P = 0.001 for fz and 0.004 for V7). Although V;
was unchanged in CON rats, MK801 decreased f; in acute
hypoxia (Fig. 5C; P = 0.026) increased Ty and tended
to increase T; (Fig. 6A and B; P = 0.049). V¢ (Fig. 5E)
and ventilatory drive (V/Ty; Fig. 6C) did not change with
MK-801.
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Conversely, MK801 abolished the sensitivity of V;
to acute hypoxia in CSH rats and blocked VAH
(Fig. 5A and B). The effect of MK-801 on fz and
Vr was similar, and statistically significant changes
in VAH of all three parameters was prevented by
MKB801 in CSH rats (Fig. 5A-F). The prevention of
hypoxia-mediated changes in fz was due to increases
in both T} and Ty with acute hypoxia and MKS801
treatment (Fig. 6A and B; P = 0.039 and 0.039 for T; and
Tr, respectively), and MK-801 abolished the increase in
ventilatory drive associated with acute hypoxia in CSH rats
(Fig. 6C).

Hence, NMDA receptor blockade in the NTS primarily
affected ventilation in hypoxia after acclimatization to
CSH by eliminating the normal response to increased fx
with acute hypoxia in CSH rats. NMDAR blockade also
had a similar effect on the slope of the HVR in CON
rats due to a significant decrease in breathing frequency
response to acute hypoxia.

Figure 3. Effects of hypoxia and sham ACSF

injections on ventilation in CON and CSH rats
A, effect of hypoxia and ACSF microinjections on
V. B, effect of hypoxia and ACSF on fg. C, effect of
hypoxia and ACSF on V+. D-F, effect of ACSF
microinjections on hypoxic ventilatory response and
hypercapnic ventilatory response of V; (D), fr (E)
and V4 (F). Data are the time response following
bilateral microinjections of NMDA in the presence
(continuous lines) or absence (dotted lines) of ACSF.
Data are means =+ s.e.M. from n = 7 animals per
group. *Significant differences between CON and
CSH values (P < 0.05). ACSF, artificial cerebral
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spinal fluid; CON, controls; CSH, chronic sustained
hypoxia; fr, breathing frequency; V4, total minute
ventilation; V7, tidal volume.
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Figure 4. Effects of NMDA and AMPA microinjections into the NTS in the presence and absence of
MK801 or CNQX on ventilation in CON and CSH rats

Effects of NMDA on (A) Vj, (B) fr and (C) V5 in the presence (continuous lines) or absence (dotted lines) of the
NMDAR antagonist MK801. Effects of AMPA on (D) W, (E) fr and (F) Vr in the presence (continuous lines) or
absence (dotted lines) of the AMPAR antagonist NBQX. Arrow indicates injection of NMDA or AMPA into the
NTS. All measurements were made in 21% O,. Data are mean + s.e.M. n = 6 CON and eight CSH rats for
NMDA experiments and four CON and six CSH for AMPA experiments. *Significance from control value before
injection (Con) (P < 0.05). CON, controls; CSH, chronic sustained hypoxia; fg, breathing frequency; Vj, total minute
ventilation; V4, tidal volume.
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AMPA receptor antagonism depressed effects of
acute and chronic hypoxia

In CON rats, NBQX microinjections in the NTS had no
effect on Vi during normoxia but reduced V; by ~20%
during acute hypoxia (Fig. 7A; P=0.0022). Consequently,
the slope of the poikilocapnic HVR was depressed by
NBQX (Fig. 7A and B; P = 0.042). The decrease in V;
of CON rats was due to a decrease in fg (Fig. 7C and
D; P = 0.0001) while Vy also increased (Fig. 7E and F;
P =0.031). Both Tj and Ty increased with NBQX in all

A 1500 B
8001[] contral HVR
Bl Vvkso1HVR
600 *
1000
=)
—,'z 4001 ;
£ 3
2001
E 500 —e— con
= --e-- CON + MK801 i
—B— CSH 01
-~ CSH + MK801
10% 21% 2000 con CSH
C 200, D &
& 1504 40§ t
E
WX
% -
& 100 204
& -
0
CON CSH
E ¢ F 2
8 .
® ﬁh
= 4
= = *T
g = 1
x
-1
5.
; ; -2
10% 21% CON CSH
% Inspired O,

Figure 5. Effect of MK801 on the HVR in CON and CSH rats
Effects of chronic hypoxia and an NMDAR antagonist (MK801) on
(A) Vi, (O) fr and (E) V5 in CON and CSH rats before and after
microinjection of MK801. Effect of chronic hypoxia and MK801 on
the magnitude of the HVR of (B) V, (D) fr and (F) V4. Data are
means =+ s.t.M. from n = 13 CON and 8 CSH rats. *Significant
difference between CON and CSH values. §Significant difference
between artificial cerebral spinal fluid and drug injections. £No
significant difference between 10% and 21% O, (P < 0.05). CON,
controls; CSH, chronic sustained hypoxia; fr, breathing frequency;
HVR, hypoxic ventilatory response; Vj, total minute ventilation; Vr,
tidal volume.

M. E. Pamenter and others

J Physiol 592.8

conditions (Fig. 8A and B; P = 0.0001 for both T; and
Tg). Ventilatory drive (V1/Ty) changed in parallel with V;:
decreasing in acute hypoxia but not changing in normoxia
with NBQX (Fig. 8C; P = 0.012 for 10% O,).

In CSH animals NBQX decreased V; during both
normoxia and acute hypoxia by ~20%, similar in
magnitude to the decrease observed in CON animals
exposed to acute hypoxia (Fig. 7A; P = 0.0006 and 0.01
for 10% and 21% O, respectively). As the magnitude
of this effect was similar between treatment conditions,
NBQX had no significant effect on the slope of the HVR
(Fig. 7B). These changes in V; were due to decreases in
fr of ~25% in both 10% and 21% O, (Fig. 7C and D;
P =10.0001 and 0.001 for 10% and 21% O,, respectively),
whereas Vr trended slightly up to compensate (Fig. 7E
and F). As in CON animals, T} and Tf were both increased
with NBQX in both 10% (P = 0.0002 and 0.003 for T; and
T, respectively) and 21% O, (P = 0.0002 and 0.01 for
Ti and Tg, respectively) in CSH animals (Fig. 8A and B).
Similarly, the drive to breathe (Vy/T;) mirrored V; such
that NBQX significantly reduced V/T; in CSH animals in
both normoxia and hypoxia (Fig. 8C; P=0.001 and 0.021
for 10% and 21% O, respectively).

Taken together these data show that AMPAR blockade
in the NTS tended to decrease ventilation and ventilatory
drive under all conditions where these variables were
elevated relative to normoxic controls (i.e. during acute
hypoxia in CON and CSH animals and during normoxia
in CSH animals), primarily through effects on breathing
frequency.

NBQX but not MK801 affected the hypercapnic
ventilatory response in control or chronic sustained
hypoxia rats

The ventilatory response to hypercapnia (7% CO,) was
not altered in any ventilatory parameter by MKS801
microinjection in any treatment group or experimental
condition (Fig. 9A-C), as indicated by three-way ANOVA
analysis. Conversely, NBQX microinjection tended to
decrease ventilation but this only achieved significance
in the fr of CSH animals during hypercapnia, i.e. the
condition in which breathing was stimulated to the highest
level (Fig. 9D-F; P = 0.005). Despite this change, a
two-way ANOVA indicated that the magnitude of the slope
of the hypercapnic ventilatory response (HCVR) was not
different between CON and CSH rats in any parameter.
Hence, the effects of different gluamate receptor blockers
on the HCVR were different from their effects on the HVR.

NMDA and AMPA receptor antagonists do not affect
arterial blood gases

Arterial blood gases were examined in a subset of animals
from each treatment group (Fig. 10). P,co, was depressed
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and P,o, was increased in CSH rats relative to CON
animals, as expected for ventilatory acclimatization to
hypoxia (Olson & Dempsey, 1978; Aaron & Powell, 1993).
Arterial pH in animals breathing 10% O, was similar in
CON and CSH groups (7.56 £+ 0.05 and 7.52 + 0.02,
respectively) despite the lower P,co, with CSH, as expected
for metabolic compensation of the respiratory alkalosis
(Olson & Dempsey, 1978; Aaron & Powell, 1993). Micro-
injection of MK801 or NBQX had no significant effects
on arterial blood gases or pH values in either group
as indicated by three-way ANOVA (Fig. 10A and B).
Therefore, effects of glutamate receptor antagonists on
breathing cannot be explained by changes in arterial
blood gases and changes were consistent with the effects
predicted from changes in ventilation and are in good
agreement with previous studies (Smith et al. 2001). For
example, Pco, tended to increase when tidal volume
decreased with drugs, particularly in normoxia. Such
increases in arterial Pco, should increase ventilatory drive
and tidal volume if the drugs were not having direct effects
on the ventilatory chemoreflexes.

Expression of phosphorylated NMDA and AMPA
receptor protein subunits increases in the nucleus
tractus solitarius of chronic sustained hypoxia rats

Changes in NMDAR and AMPAR protein subunit
expression in the NTS were analysed in a subset of rats
treated with CON or CSH (n = 3 rats per treatment)
and normalized to a housekeeping gene to correct for
differences in the amount of protein loaded between
gels, and then CSH values were expressed relative to
the average CON value (set to 100%). Expression of
the NR1 and GluR2 subunits did not change with
CSH treatment, indicating that the number of receptors
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expressed was unchanged by CSH (Fig. 11A and B).
Conversely, expression of the phosphorylated form of the
NR1 (phospho-NR1) and GluR1 (phospho-GluR1) sub-
units increased 35% and 70%, respectively, in CSH relative
to CON rats (Fig. 11A and B; P=0.0081 for phospho-NR1
and 0.0065 for phospho-GluR1). The expression of
unphosphorylated GluR1 subunit protein did not change
significantly, but tended to decrease in CSH, and as a result,
the relative expression of phospho-GluR1 relative to total
GluR1 increased 100% in CSH rats relative to control.

Discussion

Our results confirm that glutamate receptors in the NTS
contribute to ventilatory chemoreflexes and demonstrate
a specific role for NMDARs in VAH. NMDARs are
necessary for a normal HVR in CON rats and their
role is significantly increased in chronically hypoxic rats,
as MK801 completely blocks the ventilatory response to
acute hypoxia after chronic hypoxia. In addition, we show
that AMPARs in the NTS contribute to, but are not
necessary for, increased ventilatory drive stimulated by
acute or chronic hypoxia and hypercapnia. Our results
also demonstrate increased phosphorylation of NR1 and
GluR1 receptors with chronic hypoxia, without changes
in receptor protein levels, which may contribute to these
effects. This is an advance over previous studies of
glutamate receptors and ventilatory chemoreflex plasticity,
which have been limited to acute responses in normoxic
control animals, have utilized anaesthetized preparations,
and/or have not targeted specific brain regions or synaptic
pathways but have instead utilized systemic glutamate
receptor antagonists (Vardhan et al. 1993; Mizusawa
et al. 1994; Ohtake et al. 1998; Reid & Powell, 2005;
El Hasnaoui-Saadani et al. 2007).
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Figure 6. Effect of chronic hypoxia and/or MK801 on ventilation in CON and CSH rats

Effects of chronic hypoxia and an NMDA receptor antagonist (MK801) on (A) Tj, (B) Tg and (C) V¢/T, for CON and
CSH rats before and after microinjection of MK801. Data are means =+ s.t.M. from n = 13 CON and 8 CSH rats.
*Significant difference between CON and CSH values. fSignificant difference between artificial cerebral spinal
fluid and drug injections. £No significant difference between 10% and 21% O3 (P < 0.05). CON, controls; CSH,
chronic sustained hypoxia; Tg, expiratory time; Tj, inspiratory time; V/1/T,, ventilatory drive to breathe.

© 2014 The Authors. The Journal of Physiology © 2014 The Physiological Society



1850

Microinjection of NMDA into the NTS leads to marked
and sustained increases in ventilation in CON and CSH
animals mediated by increased Vi, fg and Vi, as pre-
viously shown for glutamate microinjections in the NTS
of CON rats (Vardhan et al. 1993; Mizusawa et al. 1994).
These increases are abolished by pretreatment with the
specific NMDAR antagonist MK801, confirming they
are NMDAR-mediated. Antagonism of NMDARs in the
NTS moderately reduces the acute HVR in CON rats,
primarily through a small decrease in fz. Consistent
with previous experiments in which MK801 was injected
systemically, the HVR is significantly reduced in our study
by MK801 in CON animals (Ohtake et al. 1998; Reid
& Powell, 2005). This finding is also consistent with
a study in anaesthetized dogs, in which an NMDAR
antagonist abolished the excitatory response of bulbo-
spinal neurons to CO; bolus stimulation of carotid bodies
(Dogas et al. 1995). The effects on f and V7 are different
with NMDAR blockade targeted to the NTS versussystemic
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blockade, indicating the involvement of multiple brain
regions in ventilatory control circuits. In CSH animals,
VAH is completely abolished in all ventilatory parameters
by MK801 and there is no difference between untreated
CON and MKB801-treated CSH animals breathing hypo-
xic gas mixtures (i.e. in Vi, fr, V1 and Vp/Tj, although
there are small offsetting changes in Ty and T between
these populations). Hence, NMDARs in the NTS are
necessary for the hypoxic increase in ventilation with
CSH in conscious rats. However, it is also possible that
plasticity occurs in ventilatory chemoreflex sites distal to
those involving NMDA in the caudal NTS, for example in
bulbospinal or phrenic motor neurons.

In addition to a critical role for NMDARs in VAH,
we also demonstrate a central role for AMPARs in
ventilatory responses to both acute hypoxia and VAH.
However in contrast to the effects of NMDARs in the
NTS, which are specific to VAH, AMPARs appear to
mediate increased ventilation due to multiple stimuli in

Figure 7. Effect of NBQX on the HVR in CON and CSH rats
Effects of chronic hypoxia and an AMPA receptor antagonist
(NBQX) on (A) V, (O) fr and (E) V5 for CON and CSH rats before
and after microinjection of NBQX. Effect of chronic hypoxia
and NBQX on the magnitude of the HVR of (B) V, (D) fg and (F)
V1. Data are means = s.e.M. from n = 13 CON and 8 CSH rats.
*Significant difference between CON and CSH values.
tSignificant difference between artificial cerebral spinal fluid
and drug injections. $No significant difference between 10%
and 21% O, (P < 0.05). CON, controls; CSH, chronic sustained
hypoxia; fr, breathing frequency; HVR, hypoxic ventilatory
response; Vj, total minute ventilation; Vf, tidal volume.
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Figure 8. Effect of chronic hypoxia and/or NBQX on ventilation in CON and CSH rats
Effects of chronic hypoxia and an AMPA receptor antagonist (NBQX) on (A) T;, (B) Tg and (C) V4/T) for CON and
CSH rats before and after microinjection of NBQX. Data are means =+ s.e.M. from n = 13 CON and 11 CSH rats.
*Significant difference between CON and CSH values. fSignificant difference between artificial cerebral spinal
fluid and drug injections. $No significant difference between 10% and 21% O, (P < 0.05). CON, controls; CSH,
chronic sustained hypoxia; Tg, expiratory time; Tj, inspiratory time; V1/T,, ventilatory drive to breathe.

normoxia (with hypercapnia), hypoxia and after chronic
hypoxia. Similar to NMDA injection, acute injection of
AMPA into the NTS increases breathing in both groups.
This response is more transient than following NMDA
injection, and ventilatory parameters return to baseline

Figure 9. Effect of MK801 and CNQX on the hypercapnic
ventilatory response of CON and CSH rats

Effects of chronic hypoxia and an NMDAR antagonist (MK801)
on (A) V,, (B) fr and (C) V¢ for CON and CSH rats before and
after microinjection of MK801. Effects of chronic hypoxia and
an AMPA receptor antagonist (NBQX) on (D) V;, (E) fr and (F)
Vi for CON and CSH rats before and after microinjection of
NBQX. Data are means =+ s.t.M. n = 13 CON and 8 CSH rats
for MK801, 13 CON and 11 CSH for CNQX. *Significant
difference between CON and CSH values (P < 0.05). CON,
controls; CSH, chronic sustained hypoxia; g, breathing
frequency; V4, total minute ventilation; V+, tidal volume.

1-2 min after AMPA microinjection. Blocking AMPARs
in the NTS significantly attenuates ventilatory responses in
all experimental conditions in which the drive to breathe
is elevated, i.e. in both groups during hypoxia and hyper-
capnia, and in CSH rats during normoxia. In CON animals
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breathing hypoxic gas mixtures, the depression in V; with
NBQX s primarily mediated by a decrease in fi, while there
is no change in V. NBQX also decreases fz in normoxia
but thisleads to a compensatoryincreasein Vr,and V; does
not change. Similar changes in fz and Vi with carotid body
chemoreceptor stimulation were found in anaesthetized
rats using another AMPAR antagonist (DNQX) micro-
injected in the NTS, although the net effect on V; was not
significant (Vardhan et al. 1993). In addition, our results
are consistent with reported effects of systemic NBQX in
developing (5-15-day-old) rats, which decreases fg and
increases Vr without changing Vi in hypoxia (Whitney
et al. 2000).

Results testing the ventilatory response to CO, also show
different effects with different glutamate receptor blockers
in the NTS and support a unique effect of NMDARs in
the HVR and VAH. MK801 had no effects on the HCVRs
but NBQX tended to decrease ventilation in 7% CO,, and
significantly decreased fz in CSH rats. This is consistent
with a central role for AMPARs in mediating increased
ventilation whenever ventilatory drive increases, while
NMDARs appear to have unique effects on the O, -sensitive
ventilatory chemoreflexes.

AMPARs increase ventilation in all conditions with
elevated ventilatory drive, including with VAH. This
is consistent with the additive effect of glutamate on
AMPARSs of respiratory premotor neurons (McCrimmon
et al. 1997). Hence, the overall increase in ventilatory
drive with CSH, which is observed in acute hypoxia,
normoxia or hypercapnia, could result from increased
AMPAR activity with tonic increases in afferent activity
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from carotid bodies that occurs with CSH (Powell, 2007).
Indeed, AMPARs activate and desensitize rapidly, thereby
mediating fast excitatory synaptic transmission, whereas
NMDARs generally control motorneuron excitability by
modulating repetitive firing behaviour and contributing
to non-linear behaviours and use-dependent synaptic
plasticity (Rekling et al. 2000).

The evidence supporting a central role for
glutamatergic neurotransmission in the NTS in the carotid
body-ventilatory chemoreflex is clear (see Introduction).
However, the potential role of various glutamate receptors
in the plasticity of the HVR as it changes during
acclimatization to CSH and in conscious animals has
been unknown but it is notable that VAH shows some
similarities to long-term potentiation (LTP), which is a
cellular model for learning and memory that also involves
NMDARs (Lynch, 2004). VAH is an increase in ventilatory
output that persists for hours to days after removal of
the hypoxic stimulus and the induction of VAH appears
specific to a threshold level of carotid body chemoreceptor
stimulation. In the mammalian hippocampal model
of LTP, glutamatergic neurotransmission is enhanced
by increased presynaptic glutamate release (induced by
retrograde nitric oxide signalling from the post-synaptic
neuron) and/or increased post-synaptic sensitivity to
glutamate (e.g. due to increased AMPAR or NMDAR
expression and/or sensitivity, primarily due to receptor
phosphorylation) (Malenka & Nicoll, 1999; Malenka &
Bear, 2004). There is little available information regarding
the synaptic plasticity mechanisms of VAH. During acute
hypoxia, phrenic nerve activity increases and this increase
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Figure 10. Arterial blood gases are not changed by NMDA or AMPA receptor antagonism

A, average changes in Po, and Pco, in response to microinjection of the NMDA receptor antagonist MK801 into
the nucleus tractus solitarius of CON and CSH rats breathing acute levels of 10% and 21% O;. B, average changes
in Po, and Pco, in response to microinjection of the AMPA receptor antagonist NBQX into the nucleus tractus
solitarius of CON and CSH rats breathing acute levels of 10% and 21% O,. All blood gases are corrected for body
temperature. Numbers refer to the following: (1) CON rats breathing 21% O;; (2) CON rats breathing 10% O3;
(3) CSH rats breathing 10% O;; (4) CSH rats breathing 21% O;. Data are means =+ s.e.M. from n = 3 rats per
group. Significance was assessed as P < 0.05. CON, controls; CSH, chronic sustained hypoxia.
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correlates with elevated glutamate levels in the NTS
(Mizusawa et al. 1994; Richter et al. 1999); however,
measurements of glutamate release have not been made
during periods of hypoxia >30 min, and it is not known
whether this increase is sustained during CSH. Presently
it is not known whether new protein synthesis or receptor
modification is required to sustain or enhance the HVR
during longer-term hypoxia (i.e. VAH), which occurs
during CSH or in chronic lung disorders.

Our observation that phospho-NR1 and -GluR1 protein
expression increases significantly with CSH, whereas
expression of NR1 and GluR2 proteins is unchanged,
suggests that the total number of receptors expressed

A 120kDa = == = e = 2
37 kDa WP S e o

130 kDa () WP W W W gt DNR1

37 kDa W W W W W W GAPDH
100 kDa M W B o B B GIUR!

37 kDo . B "= e GAPDH

100 kDa ' I BN B Sl B DGR
37KDa sy W W W W W GAPDH
100 kDa wesw WS B B B ey GlUR2

37 kDa W W W W W s GAPDH
L I 1

CSH CON
B
] con *
£ | Il csH
(=]
o 1504 *
53
gz
BN
= 1004
2t
g 501
2
0
NR1 pNR1 GluR1 pGluR1 GluR2

Figure 11. Effect of hypoxia on nucleus tractus solitarius
glutamate receptor protein expression

A, sample Western blots of NMDAR and AMPAR subunit protein
expression and phosphorylation state from nucleus tractus solitarius
samples isolated from CON rats or rats treated with CSH for 7 days.
Each glutamate receptor subunit protein blot is paired with a GAPDH
protein blot (below the respective glutamate protein) from the same
gel. B, summary of fold-change in protein expressions from (A)
normalized to GAPDH protein expression in the same samples. Data
are means =+ s.e.M. from three separate experiments for each
antibody. The expression of all proteins was examined on each blot
by stripping bound antibodies with stripping buffer and re-probing.
*Significant difference between CSH and CON samples (P < 0.05).
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at the synapse is unchanged by CSH and that receptor
modification via protein phosphorylation is the primary
molecular component of the synaptic plasticity that under-
lies the glutamatergic component of increased CNS gain of
VAH (Greger et al. 2007; Paoletti ef al. 2013). The under-
lying molecular pathway is likely mediated by protein
kinase C (PKC): phosphorylation of NR1 by PKC pre-
vents the inhibition of NMDARs by calmodulin, thereby
reducing Ca?*-mediated disinhibition of the channel and
contributing to TP (Hisatsune et al. 1997; Lee, 2006),
and GluR1 is also phosphorylated by PKC, which causes
an increase in AMPAR open probabilities (Derkach et al.
1999; Lee, 2006). Our measurements of NMDAR sub-
unit expression agree with previous observations of no
change in NMDAR NR1, NR2A and NR2B subunit
expression in rat brainstem during up to a month of
chronic hypoxia exposure (Reeves et al. 2003). However,
others have reported that NR1 expression increases ~33%
in the whole medulla of rats exposed to 2 weeks of
8% O, (El Hasnaoui-Saadani et al. 2007). Conversely,
our measurements of AMPAR subunit expression differ
partially from a previous study in rats exposed to 7-8 days
of hypoxia in which NTS GluR1 expression was unchanged
but GluR2 expression increased three-fold (Zhang et al.
2009). To our knowledge, ours are the first measurements
of phosphorylated glutamate receptor expression changes
with chronic hypoxia.

One limitation of our study is that we investigated only
two levels of acute O, exposure (21% and 10%) and did
not generate a more complete oxygen-response curve to
each treatment condition. We chose this approach because
we were concerned about the duration of antagonist effects
and potential complications from repeated dosing in the
same animal. Furthermore, our protocol requires a return
to baseline conditions for 15 min between ventilatory
challenges (Fig. 1) and is therefore a relatively long
protocol. Additional challenges would have significantly
increased the time that a given rat was being experimented
upon, which would increase stress and raise additional
potential complications. None the less, the study of the
effect of different neurochemicals on the shape of the
HVR would be a fascinating addition to the literature
and this question may be targeted in future experiments
utilizing chronic neurotransmitter blockade. It is also
important to note that our study is focused on the
long-term model of CSH, which is generally stable in
rats between 4-5 days and 2 months of hypoxic exposure;
however, the underlying mechanism of VAH in this time
frame probably differs from that of VAH in the first
24-48 h of CSH. VAH in response to short-term hypo-
xia is likely predominately due to carotid body plasticity
and several studies have demonstrated that carotid body
oxygen-sensitivity increases more rapidly than the CNS
gain of the HVR (Nielsen et al. 1988; Dwinell et al. 1996;
Wilkinson et al. 2009).
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Our study was specifically focused on the mechanism
underlying the CNS gain component of VAH during
long-term CSH in rats and our results confirm previous
studies showing ionotropic glutamate receptors mediate
the acute HVR. The results also demonstrate for the first
time a critical role for a specific type of glutamate receptor,
i.e. NMDARSs in central neural plasticity in VAH, which
is specific to the O,-sensitive ventilatory chemoreflex (cf.
no differences in the effects of NMDAR blockers on the
HCVR after CSH). Changes in NR1 phosphorylation in
the NTS probably mediate this plasticity, which may share
a common signalling mechanism with other types of
neural plasticity such as LTP (see above). Further study is
necessary to determine the signals for NMDAR plasticity
in VAH (e.g. hypoxia versus activity) and to understand
how different glutamate receptors in the NTS interact in
chronic sustained hypoxia. For example, the effects of
simultaneously blocking NMDAR and non-NMDAR in
the NTS on ventilatory chemoreflexes appear different
in awake and anaesthetized rats (Vardhan et al. 1993;
Mizusawa et al. 1994). Also, metabotropic glutamate
receptors, which mediate differential effects on intrinsic
and synaptic properties via distinct synaptic mechanisms
(Rekling et al. 2000) and are involved in LTP (Lynch, 2004),
warrant investigation. Indeed, both metabotropic and
ionotropic glutamate receptors in the NTS mediate cardio-
vascular reflexes, which share many common properties
with ventilatory reflexes (Zhang & Mifflin, 1993). Finally,
the relative roles and interactions between excitatory
and inhibitory neurotransmission in VAH need to be
determined because the inhibitory effects of GABA in the
NTS on the HVR are depressed in chronic hypoxia (Chung
et al. 2006).
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